Fe 60 Cr 8 Nb 8 B 24 (at%) amorphous powder and ingot were submitted to LASER cladding and remelting process, respectively. Fe-based coatings were produced using different LASER processing parameters and characterized by scanning electron microscopy (SEM), X-ray diffraction (XRD) and Vickers microhardness. All coatings obtained by LASER cladding (LC) and layers obtained by LASER surface remelting (LSR) with shorter and median interaction times (scanning speeds of 16.7 and 66.7mm/s), irrespective of overlap value, presented peaks of the crystalline phases α-Fe, Fe 2 B and the FeNbB intermetallic. In addition, layers obtained by LSR with shorter interaction time (150mm/s), in general, presented only peaks of the α-Fe and Fe 2 B phases, except that produced with overlap value of 20%, more amorphous. SEM results showed that, regardless of LASER process, the coatings presented cracks, some pores and FeNbB intermetallic phase. All coatings obtained by LC and that obtained with shorter interaction time, by LSR, showed a Vickers microhardness, 1086 to 1329HV and 2161 to 2294HV, respectively, significantly higher than the substrates, AISI steel: 170HV and Fe-Cr-Nb-B: 1921HV.
Introduction
LASER surface treatment consists of an advanced surface modification technique, in a controlled manner [1] [2] [3] [4] and envolving high cooling rates of about 10 4 K/s 5 , for production of metallurgically well-bonded coatings. Surface treatments through LASER can enhance wear and corrosion resistance of materials 6 , being used in steels, reducing the progress of wear and extending tool life. An advantage of surface treatment is that carbon steels can be hardened without presenting problems of distortion and cracks and this process includes a wide variety of techniques and improves wear resistance without changing the inner part of the material. The LASER process present, also, advantage such as reduction in operational costs 7 . In addition, using LASER process is possible to obtained microstructural refinement and also to form metastable and amorphous phases.
The Fe 60 Cr 8 Nb 8 B 24 (at%) bulk metallic glass (BMG) alloy presents good glass forming ability (GFA) 8, 9 leading to a formation of an amorphous or nanocrystalline structure with lower critical cooling rates of the order of 10 4 K/s 5 . Due to an excellent combination of properties and low costs, Fe-based metallic glasses have been widely studied for industrial applications. Studies using BMG alloys are of great interest due to their improved mechanical, physical and chemical properties compared to crystalline materials [10] [11] [12] [13] [14] [15] [16] . The production of metallic glass coatings by LASER cladding (LC) involves the epitaxial growth process induced by the crystalline grain's orientation of substrate 6 , the high scanning speed needed in order to obtain higher cooling rates to avoid crystallization and low ductility of metallic glasses 17 , which is challenging in order to produce 100% glassy coatings by LASER. Some authors obtained coatings by LASER surface remelting (LSR) and LC [2] [3] [4] 6, 12, [18] [19] [20] . The control of the LASER parameters combination: LASER power, scanning speed and overlapping, is the key point to be studied, in order to produce coatings free of defects, which can potentially be used for different industries applications.
Based on the information background, the aim of this study is to produce coatings of Fe 60 Cr 8 Nb 8 B 24 (at%) glassformer alloy on to AISI 1020 mild steel substrate by LASER cladding of pre-placed glassy atomized powders and by LASER surface remelting of its thick crystalline ingot. 
Experimental Procedure
The Fe 60 Cr 8 Nb 8 B 24 (at%) alloy used in this work was spray formed following a similar procedure found in the literature [21] [22] [23] [24] in an induction melting furnace using as raw materials a ferritic stainless steel (FSS) AISI 430 with high 13% Cr content, combined with additions of Fe-67%Nb and Fe-14%B (wt%) alloys. The nominal composition was finally adjusted by adding electrolytic Fe (99.5%) and pure Nb (99.9%) elements. This alloy was processed by spray forming process, using nitrogen (N 2 ) as the atomization gas. Ingots of Fe 60 Cr 8 Nb 8 B 24 (at%) alloy were prepared by induction melting of 80 g pieces in an arc-furnace through homogenization of pure elements Fe, Nb, Cr metals and B crystal. The total alloy charge, weighing about 1 kg, was melted in an induction furnace on the top of the atomization chamber. A superheat of 250 K over the melting temperature (1423 K) was used to homogenize the alloy prior to pouring. The molten alloy was poured into a nozzle bore of 6 mm diameter at the bottom of a tundish and then atomized by nitrogen (N 2 ) gas with a pressure of 1 MPa. The gas-to-metal ratio, ratio between the gas (G) mass flow rate (8 kg/s) and the metal (M) mass flow rate (8 kg/s), used was G/M = 1. The overspray powder was collected from the bottom of the atomization chamber and was sieved and separated into several granulometric size ranges. For this study, the atomized overspray powder with a size range < 45 µm was selected.
LASER cladding (LC) process was carried out by the preplaced powder method, using the Fe 60 Cr 8 Nb 8 B 24 (at%) spray formed powder with grain size < 45 µm, in order to produce coatings (continuous tracks) on to rectangular substrates (100 × 100 × 6 mm 3 ) of AISI 1020 mild steel. The LC coatings were prepared by placing a 0.2 mm (200 µm) thick layer of powder on the steel substrate. These layers were clad with the LASER beam under following processing parameters, LASER power of 200 W and scanning speed of 10 mm/s, LASER beam diameter of 0.5 mm at a constant focal length (distance between the LASER beam and material surface -mm), resulting in a low energy density (ED) of 40 J/mm 2 (calculated by equation 1), and varied distances between centers of the tracks, 150, 220 and 350 μm, which correspond to overlappings of 66%, 53% and 44%, respectively. LC experiments were conducted with an Yb Fiber LASER (up to 500 W) IGP in a high-purity argon gas (Ar (g) ) atmosphere (inside a glove box). Other important parameter is the interaction time, t (ms) of the LASER beam along a linear distance (mm), which is calculated by equation 2.
The ED calculations were carried out using equation (1) . Table 1) . LSR experiments were conducted with an Yb Fiber LASER (up to 2 kW -IGP Mod. YLR200), on air, only with an argon gas (Ar (g) ) flux over to sample.
The aim was to select the LASER processing parameters that allowed the production of coatings with higher volume fraction of the amorphous phase and minimum dilution in the substrates, while still creating a metallurgical bonding with the same, and good surface quality, which will be characterized in terms of its microstructure, phase composition and microhardness.
The microstructure of the coatings was analyzed using scanning electron microscopy (SEM) with a FEI Inspect S50 and Philips XL30 FEG. The phases formed in the coatings were analyzed by X-ray diffraction (XRD) using a Siemens D5005 diffractometer and Cu-K α radiation. The analysis was conducted in a flat area of the continuous coating obtained by the overlapping of linear LASER tracks and at the crosssection of clad tracks by metallography technique. The microhardness of the coatings (LC) and layers (LSR) were measured with a HMV-2000 SHIMADZU microhardness tester and a Vickers pyramid-shaped diamond indenter, performed using 50 g load (HV 0.050 ), irrespective of LASER processing.
Results and Discussion
In previous works of our research group, the Fe 60 Cr 8 Nb 8 B 24 (at%) spray-formed alloy powder and single tracks produced by LASER cladding (LC), on to AISI 1020 mild steel substrate, were characterized by X-ray diffraction (XRD) and scanning electron microscopy (SEM) techniques, using different LASER powers (200, 300 and 400 W) and scanning speeds of 10 mm/s. The most promising results (higher volume fraction of the amorphous phase) were obtained with LASER power of 200 W and scanning speed of 10 mm/s, which are described below.
XRD analysis of the powder presented a typical amorphous halo, around 2θ = 45°, which corresponds to a fully glassy powder, indicating the high glass forming ability (GFA) of this alloy (Fig. not shown) 24 (at%) single tracks characterization, produced by LC process with several processing parameters, showed that in order to reach a glassy state (more amorphous), with a small dilution and good surface quality, was applied a small energy density (ED = 40J/mm 2 ) value. These small ED value were obtained as result of the adequate combination between LASER power and scanning speeds (interaction times).
That way, in this work, the coatings produced by LC and the layers produced by LASER surface remelting (LSR) processes and characterized by different techniques, were obtained using the processing parameters mentioned previously (Experimental Procedure and Table 1 ). 24 (at%) substrate were produced using the processing parameters showed in the Table 1 .
Characterization of Fe
It can be observed in the Figure 1 (a) that the Fe 60 Cr 8 Nb 8 B 24 (at%) coatings produced by LC, in high-purity argon gas atmosphere, irrespective of overlap value, presented a broad peak around 2θ = 45°, indicating that it is possible to maintain, partially, the amorphous structure presents in the precursor powder, even after the superficial treatment by LASER. In addition, the diffractograms showed the sharp Bragg peaks of the crystalline phases α-Fe, Fe 2 B and the FeNbB intermetallic 8, 25 , suggesting that the phase formation in the coatings was dependent of LASER power and interaction time and not of overlap value. Thus, the XRD results obtained from coatings produced by LC are characteristic of a nanocrystalline structure of the primary α-Fe phase embedded in the remaining amorphous matrix. Figure 1(a) showed, also, that although the overlap value does not interfere in the formation of crystalline phases, by decreasing its value from 66% to 44% the formation of a greater fraction of amorphous phase was favored, since less peaks of crystalline phases and a peak enlargement around 2θ = 45° were observed. Figure 1(b) showed that the Fe 60 Cr 8 Nb 8 B 24 (at%) substrate (ingot), without LASER application, presented the same Bragg peaks of the crystalline phases observed in the LC process, i.e., α-Fe, Fe 2 B and the FeNbB intermetallic 8, 25 . In addition, the XRD patterns did not showed an amorphous halo or broad peak, indicating that the same was totally crystalline.
After the LSR process, the Fe 60 Cr 8 Nb 8 B 24 (at%) layers produced with different combination of LASER parameters, presented greater fraction of glassy phase than the substrate (ingot) without LASER remelting. However, for the same LASER power, 400 W or 800 W, the fraction of glassy phase decreased for the layers produced with lower scanning speed, confirming that higher interaction times (60.0 and 15.0 ms for LASER power of 400 W and 800 W, respectively) is unfavorable to formation of glassy phase. In addition, the XRD analysis for LSR layers in Fig. 1(b) showed that, regardless of processing parameters, the layers presented a broad peak around 2θ = 45°, which is typical of amorphous structure, due to high glass forming ability (GFA) of Fe 60 Cr 8 Nb 8 B 24 (at%) alloy and high cooling rate imposed during LSR.
It can be observed in the Fig. 1(b) that the XRD patterns of the layers produced by LSR, increasing interaction times, i.e., 15.0 to 60.0 ms (for LASER power of 400 W) and 6.6 to 15.0 s (for LASER power of 800 W), same Bragg peaks of crystalline phases than observed previously, i.e., α-Fe, Fe 2 B and the FeNbB intermetallic 8, 25 , irrespective of overlapping (%). However, decreasing interaction times, 15.0 ms (for LASER power of 400 W) and 6.7 s (for LASER power of 800 W) according to Table 1 , the LSR layers present only peaks of crystalline phases: α-Fe and Fe 2 B 8 , depending on overlap value. In the cases described, the crystallization of FeNbB intermetallic was inhibited at shorter interaction times, due to higher cooling rate applied, maintaining a remaining glassy phase.
Comparing the layers obtained with shorter interaction time (6.7 ms) and LASER power of 800 W, it can be noted that, decreasing the overlapping from 80% to 20%, the LSR layer presented crystalline peaks related only to primary α-Fe phase 8 , indicating greater fraction of glassy phase. Similar results were observed for the LC coatings, i.e., decreasing the overlapping for the same LASER power, lead to shorter interaction time, favoring the formation of glassy phase.
For LSR process, in opposition to the LC process, the phase's formed in the layers depend on the overlapping fraction. Koga et al. 8 also observed that the Fe 60 Cr 8 Nb 8 B 24 (at%) coatings produced by spray forming and powder flame spraying process -LVOF (low velocity oxygen fuel), presented peaks of the of primary α-Fe and FeNbB and Fe 2 B crystalline phases.
It can be concluded that, regardless of LASER process, LC or LSR , in order to obtain Fe 60 Cr 8 Nb 8 B 24 (at%) coatings and layers with a higher volume fraction of the amorphous phase, the decrease in the overlap value was favorable (for the same LASER power). In the LSR process, the lower overlap value combined with shorter interaction time (for the same LASER power), also increased the volume fraction of the amorphous phase. It must be stressed that the atmosphere where the coatings and layers were produced, vacuum or air, did not interfere in the results obtained. In addition, after the LC process, the Fe 60 Cr 8 Nb 8 B 24 (at%) amorphous powder had its increased crystallinity, maintaining an amorphous matrix remaining due to high GFA of this alloy. After the LSR process, the Fe 60 Cr 8 Nb 8 B 24 (at%) crystalline ingot showed higher fraction of glassy phase due to higher cooling rate applied during the surface treatment.
For both case, LC and LSR, it was possible to produce coatings and layers with big volume fraction of the amorphous phase controlling the deposition parameters. According to the literature, the cooling rates that the coatings are submitted through LASER cladding can vary from 5 x 10 2 up to 10 4 depending on LASER parameters 26 . In this work, the cooling rate can vary significantly from LC coatings to LSR layers, even considering similar combination of LASER parameters, that would happen due to influence of substrate thickness that was 6 mm for mild steel in LC coating and around 100 mm thick for Fe 60 Cr 8 Nb 8 B 24 (at%) crystalline ingot used in LSR process. Due to this fact, the heat extraction for LSR layers can lead to higher cooling rates than mentioned previously reaching greater fraction of glassy phase, according to XRD patterns (Fig. 1). 
Scanning electron microscopy
SEM analysis in backscattered electrons (BSE) signal was realized for coating's surface and cross-section of the Fe 60 Cr 8 Nb 8 B 24 (at%) LC coatings over AISI 1020 mild steel substrate, using different overlap values. Figures 2(a) -(c) present typical micrographs of the coating's microstructure produced by LC process. The coatings cross-section analysis showed a good metallurgical bond between the coating/ substrate interface, and, also, not exhibiting discontinuities, irrespective of overlap value (Fig. 2(a) ). In addition, lower dilution of the coating material in the steel substrate could be observed, which is desired, leading to a lower content of the Fe from steel mixed with the coating's material composition, affecting minimally the characteristics of the Fe 60 Cr 8 Nb 8 B 24 (at%) alloy powder. Figures 2(a)-(c) showed that the coatings produced by LC, regardless of overlap value, presented cracks, some pores and FeNbB nanocrystalline intermetallic phase (light phase -higher atomic number), across the surface, and low porosity. It must be stressed that the cracks observed were formed by the entire coating surface (Fig. 2(b) ), but were not very deep, since in the cross-section image ( Fig.  2(a) ) they were not observed. In addition, the coatings obtained from Fe 60 Cr 8 Nb 8 B 24 (at%) alloy, on to AISI 1020 steel substrate, showed homogeneous distribution (without contrast microstructure), which suggests a low-crystallinity state, regardless of overlap value. Furthermore, it can be observed that as the overlap value decreased from 66% to 53%, the coating showed a larger area with homogeneous microstructure (smooth), which indicates higher amorphization of coating, corroborating with the XRD results ( Fig. 1(a) ). In addition, by decreasing the overlap value from 53% to 44% not significant change was observed, suggesting that there was an overlap limit value in which the amorphization rate maximum was achieved to LC process for this alloy.
SEM-BSE analysis of the Fe 60 Cr 8 Nb 8 B 24 (at%) layers surface without LASER application (ingot) and layers produced by LSR, also was realized and its images are shown in the Figs. 3(a)-(f) . It can be observed that the micrographs of the layer surface, without LASER application, Figs. 3(a)-(b) , showed a microstructure totally crystalline (with contrast microstructure), presenting cracks across the surface and some pores. In addition, even after the LSR process, regardless of processing parameters and overlap value, (Figs. 3(c)-(f) ), the microstructure of the layers presented cracks and some pores, indicating that the cracks did not arise as a result of the LASER process.
After surface treatment by LSR, Figs. 3(c) -(f), it can be observed that the microstructure of the layers presented areas more fine, smooth and homogeneous, where the LASER beam was applied, indicating that with the LASER application, part of the substrate presented a glassy phase due to its high GFA and higher cooling rate of this process. In addition, as the interaction time decreased (15.0 to 6.7 ms) and overlap value decreased from 80% (Figs. 3(c)-(d) ) to 20% (Figs. 3(e)-(f)), the layers showed a larger area with homogeneous microstructure (smooth), which indicates higher amorphization of the layer. Furthermore, these results were in agreement to XRD results ( Fig. 1(b) ) where the diffractograms showed a broad peak around the main peak, α-Fe phase (2θ = 45°), characteristic of an amorphous structure.
It can be concluded that high interaction times (low scanning speed) were not favorable to the formation of glassy phase, regardless of LSR processing parameters. Therefore, the best condition to obtain layers of Fe 60 Cr 8 Nb 8 B 24 (at%) alloy with higher volume fraction of the amorphous phase by LSR was the combination of shorter interaction time and smaller overlaps, irrespective of LASER power. For LC process, applying the same interaction time, the optimum overlap value to obtain coatings with higher fraction of amorphous phase was smaller than or equal to 53%. It must be stressed that the atmosphere where the coatings and layers were produced, vacuum or air, did not interfere significantly in its microstructures.
Microhardness measurements
As mentioned previously, the Fe 60 Cr 8 Nb 8 B 24 (at%) coatings were produced by LC with different overlaps, 66%, 53% and 44%, Fig. 4(a) . Vickers microhardness measurements for these Table 1. coatings showed that the average microhardness values were larger than 1086 ± 38 HV. Moreover, regardless of overlap value, the average microhardness values were much larger than AISI 1020 mild steel substrate (around 170 ± 10 HV).
It can be observed that the average microhardness value reached a maximum value of 1329 ± 118 HV for the overlap of 53%, while for the overlaps of 66% and 44% the standard deviation was lower, i.e., 1086 ± 38 HV and 1176 ± 40 HV, respectively. These results showed that there was a significant increase in the average microhardness value by decreasing the overlap value from 66% to 53%. However, the decrease of the overlap value from 53% to 44% not presented significant change in the average microhardness values, according to standard deviation. In addition, the analysis showed that the overlay of the steel substrate with Fe 60 Cr 8 Nb 8 B 24 (at%) coatings increased the average microhardness about 8 times (≈ 782%). Although the microstructure and the phase composition of the coatings did not vary significantly with the different overlap values, they greatly influenced the Vickers microhardness values, probably due to increase of the fraction of amorphous phase as the overlap value decreased.
It should be mentioned that the greater the volume fraction of the amorphous phase formed, generally, the harder the coatings 6 . Therefore, according to results obtained from the XRD and SEM analyzes, the coatings produced by LC with overlap lower than 66%, showed a higher volume fraction of the amorphous phase and, consequently, higher average Vickers microhardness, corroborating the literature 6 . Vickers microhardness measurements of the superficial area of Fe 60 Cr 8 Nb 8 B 24 (at%) layers produced by LSR are depicted in the Fig. 4(b) . This Fig. showed However, by decreasing the interaction time, regardless of LASER power and overlap values, the layers produced showed greater average microhardness values. Although the microhardness value resulted higher for the overlapping of 20% (2294 ± 175 HV), when compared with the others: 80% (2161 ± 168 HV) and 60% (2215 ± 159 HV), according to standard deviation, did not show significant changes. As mentioned previous, according to SEM and XRD analyzes, it was observed higher volume fraction of the amorphous phase for the layers produced with shorter interaction time (higher cooling rate). Although there was a significant change in microstructure and phase composition of the layers by varying the processing parameters and the overlapping, did not increase, significantly, the fraction of glassy phase. The maximum microhardness value around 2300 HV for LSR Fe-Cr-Nb-B alloy opens perspectives for new technological applications, such as machining tool material. Comparing microhardness value with other hard tool materials, WC (1850 HV), Al 2 O 3 (2062 HV), TiC (2425 HV) and SiC (2435 HV), it is possible to consider that the value for FeCrNbB (2300 HV) is almost equivalent to TiC and SiC (≈6% variation), and significantly greater than alumina and WC, showing outstanding microhardness for a metallic material for coating's applications.
It can be concluded from the results obtained above that for the coatings produced by LC there was an overlap limit value, 53%, where the average microhardness value was greater. On contrary, for the layers produced by LSR, the change in the overlap value did no influence the average microhardness values (for a same LASER power and interaction time). In addition, the decrease of the interaction time favored the increase in the average microhardness values of the coatings e layers.
Conclusions
It was concluded that by adjusting the processing parameters, LASER power, scanning speed and overlap, it was possible to obtain Fe 60 Cr 8 Nb 8 B 24 (at%) coatings and layers with the desired characteristics, by LASER cladding (LC) and LASER surface remelting (LSR).
Coatings produced by LC showed that the phase composition and microstructure not varied significantly with the overlap value change. That way, the coatings presented a remaining amorphous matrix (amorphous broad peak), due to high GFA of this alloy, and nanocrystalline phases of α-Fe, Fe 2 B and intermetallic FeNbB.
Microstructure was composed by FeNbB nanocrystalline intermetallic phase and low porosity, as observed by the SEM analysis. Although the microstructure of the coatings did not vary significantly with the different overlap values, they showed higher Vickers microhardness than AISI 1020 mild steel substrate (≈782%). In addition, by decreasing the overlap value from 66% to 53% there was a significant increase in the average microhardness value, i.e., from 1086 ± 38 HV to 1329 ± 118 HV, due to increased volume fraction of glassy phase in the LC.
The LSR of the Fe 60 Cr 8 Nb 8 B 24 (at%) crystalline ingot produced layers with high fraction of glassy phase, due to high GFA of this alloy and higher cooling rate imposed. Characterization showed typical glassy broad peak, regardless of LASER parameters, and nanocrystalline α-Fe, Fe 2 B and FeNbB intermetallic phases, depending on processing parameters.
Layers obtained with shorter interaction time (6.7 ms) and lower overlap (20%) showed higher fraction of amorphous phase, presenting only α-Fe nanocrystalline phase. LSR layers obtained with shorter interaction time showed impressive Vickers microhardness values, varying from 2161 ± 168 HV to 2294 ± 175 HV, for overlapping of 80% and 20%, respectively, much higher than that of crystalline substrate (1921 ± 91 HV).
Finally, this study confirms the potential use of LASER cladding and surface remelting processes, with controlled processing parameters, opening great perspectives of obtaining coatings and layers with higher fraction of glassy phase and greater Vickers microhardness, improving properties of substrate, for application as hard coatings in several engineering fields.
